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C ellular insults, including those engendered by inflammation, hypoxia, or neoplasia, may decrease microenvironmental cellular pH (1, 2) . Moreover, extracellular acidic conditions also determine differentiation and proliferation mediated by proton sensors, including proton-sensing G-protein coupling receptors (3, 4) . The pH value in inflammation sites ranges down to 6.8 in fresh atherosclerosis plaques (5) or in synovial fluid in patients with rheumatoid arthritis (6) . In patients with asthma, the pH value in airway vapor condensate was as low as 5.23 (7) .
Proopiomelanocortin (POMC) is expressed in pituitary corticotrophs, as well as in brain, skin, lymphocytes, and placenta (8) . POMC-derived peptides, including ACTH, lead to dampened inflammation by inducing adrenal glucocorticoid hormone production and by inhibiting proinflammatory cytokine production (9) . POMC exhibits breast cancer tumor-initiating properties (10) and is also a marker of poor prognosis in patients with non-small cell lung cancer (11) . These reports imply that increased POMC in an acidic microenvironment may be important for control of cellular responses to inflammation and neoplasia. Because mechanisms underlying increased POMC abundance in acidic conditions are not understood, we sought to identify potential therapeutic targets by elucidating corticotroph cell protonsensing pathways.
Pituitary POMC expression is regulated mainly by hypothalamic CRH binding to corticotroph CRH receptor 1 (CRHR1), which induces cAMP-ERK1/2 (12) as well as calcium influx and Ca2 + /calmodulin-dependent protein kinase II (CaMKII) signaling to POMC synthesis (13) . CRHR1 signaling to POMC also requires downstream transcription factors Tpit, Pitx1, and Nur77 (13, 14) . Acidic pH was associated with IL-6 enhanced Pomc expression in primary rat pituitary cells (15) . Although CRHR1 signaling leads to POMC synthesis, mechanisms for CRHR1 signaling to POMC in acidic conditions are not known. We hypothesized that CRHR1 is proton sensitive and that signaling to POMC is activated in acidic conditions by sensing protons via CRHR1 histidine residues. We used primary mouse pituitary cells and AtT-20 pituitary corticotroph adenoma cells, both of which possess intact CRHR1 signaling pathways and produce ACTH (16) . We treated cells in acidic pH medium, then knocked out CRHR1 by CRISPR to assess Pomc gene expression. To elucidate mechanisms underlying our observations, we generated histidine residue mutants in CRHR1 and demonstrated proton sensitivity of CRHR1 to POMC. We also used human colorectal adenocarcinoma COLO320 cells to demonstrate that non-pituitary cell acid-induced POMC response is similar to that of pituitary corticotrophs. These results show proton sensitivity of POMC expression and ACTH production.
Materials and Methods

Mice
Experiments were approved by the Cedars-Sinai Institutional Animal Care and Use Committee. C57B/6J mice were purchased from the Jackson Laboratory (Bar Harbor, ME) and maintained under 12:12 hour light/dark cycles, with food and water available ad libitum. Four-week-old male mice were used for the experiments.
Cell lines
Mouse AtT-20/D16v-F2 pituitary tumor cells derived from the LAF1 strain (catalog no. ATCC CRL-1795; RRID: CVCL_ 4109) (17) 
Cell culture and stable transfections
AtT-20, Hela, and B16-F0 cells were cultured in DMEM (Thermo Fisher Scientific, Waltham, MA; catalog no. 10566016) containing 10% fetal bovine serum in a 5% CO 2 -humidified atmosphere at 37°C. MCF7 cells were cultured in DMEM containing 10% fetal bovine serum and 0.01 mg/mL human recombinant insulin in a 5% CO 2 -humidified atmosphere at 37°C. COLO320 cells and DMS79 cells were cultured in Roswell Park Memorial Institute 1640 (Thermo Fisher Scientific; catalog no. 61870044) containing 10% fetal bovine serum in a 5% CO 2 -humidified atmosphere at 37°C. Anterior pituitary cells derived from the C57B/6J mice were processed with Neural Tissue Dissociate Kits (Miltenyi Biotec, Bergisch Gladbach, Germany; catalog no. 130-092-628) and cultured in DMEM containing 10% fetal bovine serum, penicillin, and streptomycin. For acidic pH treatments, Iscove's Modified Dulbecco's Medium (Thermo Fisher Scientific, catalog no. 12440053) adjusted pH with HCl was used. To generate mouse CRHR1 overexpressing AtT-20 cells, cDNA encoding each respective protein was cloned into the pMF expression vector or the 3 0 region containing HA or FLAG tag in a pMF expression vector carrying the EF-1a promoter and neomycin resistance gene (23) . Resulting plasmids were transfected into AtT-20 cells, and stable transfectants were selected with 100 mg/mL neomycin (Gemini Bio-Products, West Sacramento, CA; catalog no. 400-113).
AtT-20 and COLO320 cell gene knockout with CRISPR/Cas9
To generate CRHR1 knockout (KO) AtT-20 cells, two single-guide RNAs (sgRNAs) were designed with CHOPCHOPv2 (24) and cloned into pSpCas9(BB)-2A-GFP (PX458) (Addgene plasmid no. 48138) (25) . One day before transfection, 5 3 10 5 AtT-20 cells per well were plated. On the day of transfection, Opti-MEM medium was added to sterile Eppendorf tubes, followed by addition of Lipofectamine 2000 (Thermo Fisher Scientific; catalog no. 11668500). After brief mixing, 2 mg CRHR1 sgRNA-PX458 plasmid was added, and the mixture was incubated at room temperature for 5 minutes, then added to the cells. At 72 hours after transfection, KO cells were cloned by limiting dilution, followed by an expansion period (2 to 4 weeks). Targeted deletions were further verified by gene sequencing and Western blot.
CRHR1 mutated AtT-20 cells
Mouse CRHR1 cDNA was cloned into EcoRI/XhoI sites of pMF plasmid to generate pMF wild type (WT). CRHR1 mutants (H115F, H117F, H127F, H155F, H181F, and H199F) were generated by PCR-based mutagenesis and also cloned into the pMF plasmid. Targeted mutations were confirmed by sequencing. Sequences of primers used for mutagenesis were H115F, agaagagcaaagtgTTCtaccacattgccgtcat; H117F, gcaaagtgcactacTTCattgccgtcatcatcaa, H127F, tcaactacctgggcTTCtgcatctccctggtggc; H155F, tgaggaacatcatcTTCtggaacctcatctcggc; H181F, tgagccccgaggtcTTCcagagcaacgtggcctg; and H199F, cctacaactacttcTTCgtaaccaacttcttctg. Capital letters (TTC) show the point of mutation from histidine to phenylalanine.
Quantitative real-time PCR
RNA was isolated from each cell line or normal anterior pituitary cells by RNeasy mini kit (Qiagen, Hilden, Germany; catalog no. 74106), and cDNA prepared with iScript cDNA synthesis kit containing random and oligo dT primer mixture (Bio-Rad Laboratories, Hercules, CA; catalog no. 1708891). Quantitative real-time PCR was performed with SsoAdvanced SYBR Green Supermix (Bio-Rad; catalog no. 1725274). mRNA expression levels were normalized to 18S rRNA with comparative C T . Primer sequences used are shown in Table 1 . 
Western blot
ACTH and cAMP assays
Medium ACTH levels were analyzed by ELISA kit (MD Bioproducts, St. Paul, MN; catalog no. M046006). Intracellular cAMP levels were determined with LANCE cAMP Detection Kit (Perkin Elmer; catalog no. AD0262). ACTH and cAMP levels were corrected for cell viability calculated by WST-1 assay (Takara Bio USA, Mountain View, CA; catalog no. MK400).
Luciferase reporter assay
Luciferase reporter assays were performed in 8.0 3 10 4 AtT-20 cells with 0.5 mg luciferase reporter plasmids (44, 45 ) and 50 ng pRL-Renilla as an internal control plasmid. Cells were transfected with lipofectamine 2000 and cultured in 0.5 mL medium in 24-well plates. Twenty-four hours after transfection, medium was changed to pH 7.4 or 6.8, cells were harvested, and luciferase activity was analyzed by Dual-Luciferase Reporter Assay System (Promega, Fitchburg, WI; catalog no. E1910) after 24 hours. Luciferase assays were repeated more than three times and activities normalized to internal Renilla activity.
Immunocytochemistry
AtT-20 cells were cultured in eight-chamber slides (Thermo Fisher Scientific; catalog no. 154534PK), fixed in PBS with 4% paraformaldehyde, and permeabilized with Tris-buffered saline containing 0.1% Triton X-100. Slides were blocked in Blocking One Histo (Nakalai USA; catalog no. 06349-64) for 1 hour at 37°C, then incubated with primary antibodies overnight at 4°C (goat anti-CRHR1; Santa Cruz Biotechnology; catalog no. sc-1757; RRID: AB_673600) (46). After washing, slides were incubated with Alexa Fluor donkey anti-goat 488 (Thermo Fisher Scientific; catalog no. A-11055; RRID: AB_2534102) (47) for 2 hours at room temperature, then mounted with ProLong Gold Antifade Mountant with 4 0 ,6-diamidino-2-phenylindole (Thermo Fisher Scientific; catalog no. P36935). Confocal microscopy images were obtained with True Confocal Scanner (LeicaMicrosystems, Buffalo Grove, IL) in a dual-emission mode to separate autofluorescence from specific staining. Anti-CRHR1 antibody (Aviva Systems Biology, San Diego, CA; catalog no. ARP63607_P050) was coupled with magnet beads. Cell lysate (2 mg/mL) was incubated with 100 mL antibodycoupled beads overnight at 4°C on a rotator. After washing, 5 mL of magnet beads coated by CRHR1 protein was incubated in pH-adjusted binding buffer (50 mM Tris-HCl, 5 mM MgCl 2 , 2 mM EGTA, 0.1% BSA) (48) with each concentration of I 125 -Tyr-CRH for 1 hour at room temperature on a rotator. After incubation, beads were washed three times with IP/lysis wash buffer, then analyzed for radioactivity in Packard Cobra II Gamma Counter (Packard BioScience Company, Arvada, CO).
Flow cytometry
After each time course of treatment with pH-adjusted medium, AtT-20 cells were collected and stained with annexin V and 7-AAD with FITC Annexin V detection kit with 7-AAD (Biolegend, San Diego, CA; catalog no. 640922) according to manufacturer instructions. Cell viability was analyzed by flow cytometry with BD LSR II Flow Cytometer (BD Biosciences, Franklin Lakes, NJ) and FACSDiva software (BD Biosciences).
Cell viability assay
Primary pituitary cells were stained with Live/Dead Reduced Biohazard Viability/Cytotoxicity Kit (Thermo Fisher Scientific; catalog no. L7013). Primary pituitary cells were cultured in eight-chamber slides, then incubated for 15 minutes at room temperature. After washing, cells were fixed with 4% glutaraldehyde. Fluorescence was visualized with a fluorescence microscope (BZ-X700; KEYENCE, Itasca, IL).
Quantification and statistical analysis
T-coffee (http://tcoffee.vital-it.ch/apps/tcoffee/do:regular) (49) was used to analyze CRHR1 alignment in different species. Protter 1.0 (http://wlab.ethz.ch/protter/) (50) was used for visualizing mouse CRHR1 on the cell membrane. TMHMM Server version 2.0 (http://www.cbs.dtu.dk/services/TMHMM/) (51) was used to predict transmembrane helices in gene-edited CRHR1 and GPR4 mutants.
Results are presented as mean 6 SD. Comparisons between two groups were made by unpaired Student t test. One-way ANOVA was used to compare values between multiple groups. If the ANOVA test showed significant differences, the TukeyKramer post hoc test was used to compare two specific groups. Results were considered significant if the P value was ,0.05. At least three independent experiments were performed in each study. Statistical analyses were performed with GraphPad Prism (GraphPad Software, La Jolla, CA).
Results
Mouse pituitary cells and AtT-20 cells exhibit proton sensitivity
To test effects of a low-pH environment, we cultured cells with low-pH medium adjusted by HCl and analyzed differential gene expression. Primary mouse pituitary cells were grown in pH-adjusted medium ranging from 7.4 to 5.8. Medium pH was stable for 24 hours (Fig. 1A) . Cell survival after 24 hours at pH 7.1, 6.8, and 6.5 was not lower than that at pH 7.4, although cell viability was significantly lower at pH 5.8 ( Fig. 1B and 1C) . After 2 hours, ACTH secretion into the culture medium was higher at pH 7.1, 6.8, and 6.5 compared with pH 7.4 (Fig. 1D) . Pomc and Gh gene expression were significantly higher in acidic pH after 24 hours of treatment, whereas Prolactin, Tshb, Lhb, and Fshb expression remained unchanged (Fig. 1E) . These results suggest that expression of the ACTH precursor POMC is induced by a low-pH environment.
We next analyzed POMC expression by AtT-20 cells in each respective pH-adjusted medium. Similar to results obtained in primary pituitary cells, survival of AtT-20 cells after 24 hours at pH 7.1, 6.8, and 6.5 was not lower than that at pH 7.4 but was lower at pH 5.8 ( Fig. 1F and 1G ). ACTH secretion into the culture medium was higher at pH 7.1, 6.8, and 6.5 than at pH 7.4 after 2 hours (Fig. 1H) . We next analyzed expression of factors known to regulate Pomc under the low-pH environment. Pomc, Crhr1, and Tpit gene expression were all higher after 24-hour culture at pH 6.8 and 6.5 than at pH 7.4; Tpit was also higher at pH 7.1, but Pitx1 and Neurod1 gene expression were not changed in acidic pH (Fig. 1I) .
These results indicate that both normal pituitary corticotrophs and corticotroph tumor cells exhibit Pomc sensitivity to acidic (proton) signaling and that Crhr1 signaling and Tpit may be involved in upregulation of Pomc gene expression.
Acidic pH activates CaMKII pathway in AtT-20 cells
To confirm the RT-PCR findings, we analyzed protein expression by Western blotting. We observed increased Pomc, Crhr1, and Tpit protein expression at low pH, whereas Nur77, Pitx1, and Neurod1 were not increased ( Fig. 2A) . We next analyzed expression levels and activation of potential pathways that may be involved in proton-sensing signaling. Phosphorylated CamkII (Thr286) expression was increased in acidic pH, but phosphorylated cAMP response element binding protein (Creb; Ser133) and phosphorylated extracellular signal-regulated kinase 1/2 (Erk1/2) were not altered ( Fig. 2A and 2B) . Because CamkII and Tpit are downstream pathways for Crhr1 signaling (52), we cultured AtT-20 cells in acidic pH medium with CamkII inhibitor KN-62 and observed abrogated Pomc and Tpit increase in acidic pH (Fig. 2C and 2D ). The CREB inhibitor H-89 did not block Pomc induction (Fig. 2E  and 2F ).
As shown in Fig. 1H and Fig. 2B , as Tpit expression is increased by acidic pH, we analyzed rPomc promoter activity in AtT-20 cells by luciferase reporter assays with a series of 5 0 -deletion rPomc promoter mutants and point mutations within Tpit, Pix1, Tpit/Pitx1, or Neurod1 response sites. Deletion or mutation of the Tpit response site prevented increased rPomc promoter activity in acidic pH (Fig. 2G) .
Taken together, these results indicate that extracellular acidic pH resulted in increased Pomc gene and 
Crhr1 gene KO attenuates POMC expression in acidic pH
To further investigate effects of CRHR1 on POMC induction under acidic conditions, we established Crhr1-KO AtT-20 mutant cells with CRISPR/Cas9. We designed two sgRNAs targeted to the Crhr1 exon 1 (Fig. 3A) and confirmed gene KO on sequencing, showing c.18_59del in three clones (Fig. 3B) . Membrane topology analysis predicted that the gene-edited Crhr1 protein was not located in the cell membrane (Fig. 3B) . We also confirmed that expression of mature Crhr1 protein was not detected in all three KO cells by Western blot (Fig. 3C) .
To test Crhr1-KO function, we treated both WT and Crhr1 KO mutants with increasing CRH concentrations and measured cAMP production. As expected, Crhr1-KO cells showed no response to CRH, and the response was rescued with Crhr1 transfection (Fig. 3D) . We next cultured the Crhr1-KO mutants with either normal or acidic medium. Although Pomc and Tpit gene expression were not increased in Crhr1-KO AtT-20 cells grown in pH 6.8 after 24 hours, expression increased in both WT and Crhr1-KO cells transfected with Crhr1-pMF (Fig. 3E) . Gh gene expression, used as a control, was not changed in acidic pH in either WT or Crhr1-KO clones (Fig. 3E ).
These results demonstrate that CRHR1 is necessary for increased POMC abundance observed in acidic conditions.
Reduced response of CRHR1 to CRH in acidic pH
To assess CRHR1 signaling, we measured ACTH and cAMP levels in mouse pituitary cells and in AtT-20 cells treated with increasing concentrations of CRH in normal and acidic medium. After 2 hours exposure to pH 7.4 with CRH, ACTH secretion into the culture medium increased dose dependently with CRH stimulation, but ACTH secretion was not increased in more acidic media (Fig. 4A  and 4C ). After 30 minutes of treatment with CRH, cAMP levels at pH 7.1, 6.8, and 6.5 were significantly lower than observed at pH 7.4 with 10 27 M CRH ( Fig. 4B and 4D ).
Using I-125 CRH, we determined CRH receptor binding in acidic pH and immunoprecipitated Crhr1 protein derived from cell lysates with specific CRHR1 antibody. We observed decreased CRH binding to Crhr1 with decreasing pH (Fig. 4E) , and by Scatchard analysis, the derived Kd in acidic pH was higher than that at pH 7.4, suggesting attenuated CRH binding affinity to CRHR1 with lower pH (Fig. 4F) .
Taken together, these results show that CRHR1 signaling in response to CRH is blunted in acidic pH, implying that other factors may determine induced POMC observed under acidic conditions.
Histidine residues necessary for CRHR1 responses in acidic conditions
Histidine residues in four proton-sensing G proteincoupled receptors (GPCRs) (GPR4, GPR65, GPR68, and GPR132) are acidic pH sensing (15) , and our results suggest that CRHR1 histidine residues may function as proton sensing. We reasoned that if functionally important histidine residues are present in CRHR1, such residues would be evolutionarily conserved. We analyzed Crhr1 homology in different species with T-coffee (49) and noted seven histidine residues conserved in human, rat, mouse, and ovine (Fig. 5A) . Mouse Crhr1 membrane topology visualized by Protter (50) showed histidine residues in Crhr1 located within the transmembrane (H115, H117, H127, H155, H199, H214) and extracellular domains (H181) (Fig. 5B) . We introduced mutations (His to Phe) in each of seven histidine residues within the Crhr1 gene and cloned into the expression plasmid regulated by aEF1. The resulting plasmid or WT Crhr1 expression plasmid was transfected into Crhr1-KO AtT-20 cells. Transfectants were selected with G418, and WT and mutant Crhr1 expression confirmed with anti-CRHR1 by immunostaining (Fig. 5C ) and Western blot (Fig. 5D) as well as by robust cAMP response to CRH (Fig. 5E ). When we cultured these transfectants with acidic pH medium, Pomc gene expression was significantly increased in WT, H115F, H127F, and H214F but not in H117F, H155F, H181F, and KO clones (Fig. 5F ). Gh gene expression was not changed in pH 6.8 medium (Fig. 5F ). Pomc and phospho-CamkII protein expression were increased in WT, H115F, H117F, H127F, and H199F, and Pomc was also increased in H214F, but increased expression was not detected in H155F, H181F, and KO clones (Fig. 5G) .
Because mutated CRHR1 histidine residues blunted the AtT-20 cell response to acidic conditions, CRHR1 appears to exhibit proton sensitivity via histidine residues, especially H155 and H181.
Acidic pH induces POMC in nonpituitary cells
Next, we investigated whether increased POMC expression in acidic pH also occurs in nonpituitary cells. We treated human adenocarcinoma colon tumor COLO320 cells with pH 7.4 medium, and with each respective pHadjusted acidic medium. POMC and CRHR1 gene expression were increased after 48-hour culture in pH 6.8 and 6.5 compared with levels observed at pH 7.4 (Fig. 6A) . POMC, CRHR1, and phospho-CaMKII protein expression were all increased in acidic pH ( Fig. 6B and 6C ). POMC gene expression was increased at pH 6.8 in other nonpituitary cell lines, including DMS79, MCF7, Hela, and B16. CRHR1 gene expression was increased at pH 6.8 in DMS79, MCF7, and Hela cells but not in B16 cells (Fig. 6D) . We then established CRHR1-KO COLO320 cells by using CRISPR/Cas9 and cultured them with normal and acidic medium. We designed two sgRNAs targeted to human CRHR1 exon 2 (Fig. 7A ) and confirmed gene KO on sequencing, showing c.92_93insA in three clones (Fig. 7B) . Membrane topology analysis predicted that the gene-edited CRHR1 protein was not located in the cell membrane (Fig. 7B) . POMC gene expression was increased in WT and CRHR1-KO COLO320 cells at pH 6.8 after 48-hour culture, but the percentage increase of POMC expression in CRHR1-KO cells was lower than in WT cells (Fig. 7C ). POMC and phospho-CaMKII protein expression were increased at pH 6.8 in WT but not in KO clones, and CRHR1 abundance was increased at pH 6.8 in WT COLO320 cells but not in CRHR1-KO clones (Fig. 7D) . These results suggest a mechanism whereby the proton-induced POMC increase in acidic pH is mediated via CRHR1 in nonpituitary cells.
Discussion
We show here that POMC expression is induced in an acidic environment. We hypothesized that CRHR1 signaling mediates acid-induced POMC increase, and our results suggest that CRHR1 may function as a protonsensing GPCR. Furthermore, the corticotroph response to acidic conditions is abrogated in AtT-20 corticotroph cells devoid of CRHR1. We also show the role for protonated CRHR1 histidine residues in activating downstream corticotroph cell signaling, including Pomc, CamkII, and Tpit.
The results shown here are consistent with a prior report of increased Pomc expression in rat pituitary cells grown in acidic pH, probably in response to IL-6 (15). Because we observed that CRH ligand binding affinity to CRHR1 was decreased in acidic pH and that cAMP and ACTH responses to CRH were dampened in acidic pH, we reasoned that other factors may underlie CRHR1 signaling in acidic conditions. Interestingly, the b 2 adrenoceptor (AR) is also acid sensitive, and [
3 H] dihydroalprenolol binding affinity to b 2 AR was decreased in acidic pH, whereas b 2 AR protonation increased basal receptor activity (53) .
Protonation may switch GPCRs from inactive to active states (54) , and proton-sensing GPCRs may be activated by protons binding histidine residues (55) . When testing CRHR1 proton sensitivity, we show that H155, H181, and H117 CRHR1 mutants were not activated in acidic pH. CRHR1 histidine residue H155 located in the second transmembrane domain is well conserved in class B GPCRs (Fig. 7) . This residue forms a hydrogen bond with glutamate in the third transmembrane domain, and disruption of this polar linkage is predicted to be necessary for CRHR1 activation (56, 57) . Moreover, the corresponding histidine residue in glucagon-like peptide-1 receptor is critical for the ligand response (58) . These reports endorse our conclusion that protonation of CRHR1 H155 leads to receptor signaling. H181 is not conserved in other class B GPCRs (Fig. 8) , and its function in CRHR1 is unknown. Because H181 is located in the second extracellular domain, it could also be protonated in acidic conditions. H117 is related to binding of sauvagine, the CRHR1 antagonist (59) , and may also contribute to increased POMC expression in response to acidic conditions. CaMKII and Tpit may be downstream signals of CRHR1 in acidic conditions, because CaMKII inhibitor administration, as well as deletion or mutation in the Tpit binding site on the rPomc promoter, abrogated acid-induced POMC. By contrast, CREB was not activated, and a PKA inhibitor did not blunt the POMC increase in acidic pH. CRH signaling through CRHR1 activates cAMP-PKA to induce POMC in pituitary corticotrophs (60) pathways including CaMKII and via increased POMC expression. Several in vivo reports relate to our findings. Metabolic acidosis caused by HCl infusion increased plasma ACTH concentration in fetal sheep (62) . Increased rat corticosterone levels induced by NH4Cl infusion were abrogated in hypophysectomized rats (63) , suggesting that ACTH increases in vivo with proton loading. Respiratory acidosis caused by hypercapnia also increased plasma ACTH concentration with change of blood pH from 7.5 to 7.35 in ewes (64), dogs (65) , and rats (66) . In patients with chronic obstructive pulmonary disease, hypoxemia also increased plasma ACTH concentration (67) . These reports suggest an ACTH response to acidemia in vivo, and proton sensitivity of CRHR1 may contribute to the responses.
Limitations of this study include the use of HCl to generate acidic medium to evaluate isolated effects of protons on POMC production distinct from lactates and hypoxia, given that microenvironmental lactates and hypoxia are also key factors decreasing pH (2). The lactate receptor (GPR81) reduces intracellular cAMP production (68), but lactates do not activate corticotroph function (69) . Both exercise-induced lactate and intravenously infused lactate increase plasma growth hormone and prolactin concentrations in healthy volunteers (70, 71) . However, ACTH levels were unchanged when lactate was infused in patients with panic disorder and agoraphobia (72) . When we treated AtT-20 cells with increasing lactate concentrations, Pomc gene expression was not enhanced (Fig. 9) , consistent with previous reports. Hypoxia response factors, including hypoxiainducible factor 1-a, could also increase hypothalamic Pomc promoter activity (73) . Furthermore, pH sensors other than proton-sensing GPCRs, including acid-sensing ion channels and transient receptor potential vanilloid-1, may also be involved in increased POMC expression in acidic conditions (74) .
Our results show that, in acidic pH, protons induce POMC production through histidine residues in CRHR1 and the CaMKII-Tpit pathway. Our results support the notion that microenvironmental protons increased by inflammation may induce expression of POMC and POMC-derived peptides, including ACTH, without CRH ligand stimulation, thereby regulating inflammation and proinflammatory cytokines. Our study implies a feedback loop responsive to acidic conditions engendered by inflammation that is consistent with known cytokine roles in mediating POMC regulation. Because neutralizing tumor pH has been suggested as a treatment of cancer (75) and because CaMKII inhibitors are also potential antineoplastic drugs (76), our study elucidates https://academic.oup.com/endopotential pathway targets for treating disordered ACTH production.
